Abstract.
In clinical studies, aged garlic extract (AGE) has been shown to improve endothelial dysfunction. The activation of nuclear factor erythroid 2 like 2 (Nrf2)-dependent gene expression is a proposed mechanism for maintaining vascular homeostasis. S-1-propenylcysteine (S1PC) and S-allylcysteine (SAC) are two predominant sulfur-containing amino acids present in AGE. However, it remains unclear as to whether the two sulfur amino acids activate Nrf2 in cells. Nitric oxide (NO) is an important signaling molecule and one of the activators of the Nrf2 pathway. In a previous study, we examined the effects of the two sulfur amino acids on NO signaling for modulating the Nrf2-dependent antioxidant response. Neither S1PC nor SAC were found to affect the expression of Nrf2-regulated genes, such as heme oxygenase-1 (HMOX1) in human umbilical vein endothelial cells. However, S1PC was found to augment HMOX1 expression, induced by NO donors, such as NOR3. NOR3 was found to induce the nuclear accumulation of NRF2 protein and concomitantly enhance the degradation of BTB domain and CNC homolog 1 (BACH1), a transcriptional repressor that competes with NRF2. Notably, on our previous study, S1PC enhanced the NOR3-induced downregulation of BACH1, but did not further enhance the NOR3-induced accumulation of NRF2. The findings of that study indicated that the S1PC-induced degradation of BACH1 may provide a basis for the antioxidant effects of AGE. Thus, in this review, we aimed to provide a current overview of the antioxidant effects of AGE and sulfur-containing amino acids.
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Antioxidant effects of aged garlic extract
The intake of raw garlic or its preparations has been shown to mitigate multiple risk factors associated with cardiovascular diseases (1) . In clinical studies, aged garlic extract (AGE) has been shown to improve endothelial dysfunction that is considered as an early marker of atherosclerosis (2, 3) . One possible mechanism underlying endothelial dysfunction is an increase in reactive oxygen species (ROS) generated by an enhanced energy metabolism or chronic inflammation. The antioxidant properties of AGE have been proposed to play a role in preventing endothelial dysfunction (4) . AGE has been shown to contain organosulfur compounds, polyphenols and Maillard reaction products, such as Nα-(1-deoxy-D-fructos-1-yl)-L-arginine. These chemicals have radical scavenging properties in vitro; however, the mechanisms through which these chemicals exert their antioxidant effects in vivo remain unclear (5, 6) . The activation of nuclear factor erythroid 2 like 2 (Nrf2)-dependent gene expression has also been proposed as a mechanism for the maintenance of vascular homeostasis via the enhancement of the cellular defense mechanism against oxidative stresses (7) . A recent study using canines demonstrated that the administration of AGE upregulated the gene expression levels of canine Nrf2 and phase II antioxidant enzymes (8).
Sulfur amino acids are known to increase resistance to oxidative stress by modulating the Nrf2/SKN-1 pathway
Garlic is rich in organosulfur compounds which are believed to be responsible for most of its pharmacological properties. S-1-propenylcysteine (S1PC) and S-allylcysteine (SAC) are
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two sulfur amino acids predominantly found in AGE (5). In oxidative stress models using Caenorhabditis elegans, SAC has been shown to increase stress resistance and reduce the accumulation of ROS. These antioxidant effects have been shown to require the transcription factor, SKN-1, that is the Nrf2 orthologue in mammals (9). Nrf2 is a transcription factor that regulates key antioxidant genes and phase II detoxification genes in mammals. Although the activation of Nrf2-dependent gene expression has been proposed as a mechanism for maintaining vascular homeostasis, it remains unclear as to whether SAC and S1PC activate Nrf2 in endothelial cells.
Known synergistic effect of S1PC and NO-donors on antioxidant gene expression
Nitric oxide (NO) is an important signaling molecule involved in maintaining vascular homeostasis and is also one of the activators of the Nrf2 pathway (10) . Therefore, in a previous study, we examined the effects of SAC and S1PC on the signaling mechanism of NO in modulating the Nrf2-dependent antioxidant response in endothelial cells (11) . Neither S1PC nor SAC, were found to independently affect the expression of Nrf2-regulated genes, such as heme oxygenase-1 (HMOX1) and glutamate-cysteine ligase modifier subunit (GCLM) in human umbilical vein endothelial cells (HUVECs). However, S1PC was found to augment the expression of HMOX1 and GCLM induced by NO donors, such as NOR3. In that study, SAC did not exert such synergistic effects with NO donors (11) .
In that previous study, we also confirmed the synergistic effect of S1PC with another NO donor, S-nitrosoglutathione (GSNO), on the expression of HMOX1 in human aortic endothelial cells (HAECs) (11).
Evidence of the induction of BACH1 downregulation by S1PC in a NO-dependent manner
Under basal conditions, Nrf2 binds to Kelch-like ECH-associated protein 1 (Keap1) resulting in proteasomal degradation of Nrf2 in the cytoplasm. In the presence of oxidative stress, Nrf2 is released from the Keap1-dependent complex and accumulates in the nucleus. Nrf2 binds to antioxidant response elements (AREs) that are cis-elements essential for the expression of various antioxidant genes, including HMOX1 and GCLM, whereas the BTB domain and CNC homolog 1 (BACH1) interacts with the AREs of the corresponding genes to prevent Nrf2 binding, thus inhibiting gene expression (12) . In a previous study, in order to examine the synergistic effects of S1PC and NO in the context of antioxidant Atherosclerosis, apolipoprotein E knockout mice Total atherosclerotic plaque area was reduced (14) . fed a high-fat diet Myocardial infarction, ischemia/reperfusion injury Myocardial infarction was reduced (16) . Heart failure, pressure overload induced hypertrophy Left ventricular hypertrophy was inhibited (17) . Diabetes, alloxan-induced oxidative stress model Oxidative stress-induced apoptosis was reduced in pancreatic β-cells (18) . Inflammatory bowel diseases, trinitrobenzene TNBS-induced colitis was ameliorated (19) . sulfonic acid (TNBS)-induced colitis Steatohepatitis, methionine-choline deficient diet model Hepatic triglyceride and malondialdehyde was reduced (20) .
gene expression, we analyzed the protein expression of NRF2 and BACH1. A significant accumulation of NRF2 was not observed in HUVECs treated with S1PC alone. NOR3 was found to induce NRF2 accumulation; however, cells co-treated with NOR3 and S1PC did not exhibit any significant differences in NRF2 protein levels compared to cells treated only with NOR3 (11). NOR3 was also found to induce a reduction in BACH1 protein levels in HUVECs, whereas S1PC did not affect BACH1 levels. However, in that study, it was found that S1PC enhances BACH1 downregulation upon co-treatment with NOR3 (11) . In that same study, to further evaluate the role of BACH1 in the synergistic effects of S1PC and NO-donors, we used HUVECs transfected with siRNA targeting BACH1.
Compared to cells treated with NOR3 only, the suppression of BACH1 did not result in any significant enhancement in HMOX1 and GCLM expression upon co-treatment with S1PC and NOR3 (11) . These results indicated that BACH1 plays a pivotal role in the synergistic effects of S1PC and NO donors on the expression of antioxidant genes.
Bach1-deficient mice have been reported to exhibit a resistance phenotype in disease models
Bach1-deficient mice are viable and fertile with no obvious phenotypic abnormalities under normal conditions, but compared to normal mice, these mice exhibit an enhanced expression of Hmox1 in diverse tissues (13) . As the enhanced expression of Hmox1 is expected to exert antioxidant effects, Bach1-deficient mice have been studied in several disease models considered to involve oxidative stress. In apolipoprotein E-deficient mice that function as an atherosclerosis-prone model, Bach1-deficiency has been shown to reduce the plaque area and the excretion of 8-iso-PG F2α, a marker of the systemic oxidative stress level (14) . In several disease models listed in Table I , Bach1 deficiency has been shown to exhibit a resistance phenotype. These results indicate that BACH1 downregulation might have potential therapeutic applications. However, promising lead compounds with a potential to reduce Bach1 levels have not yet been found, apart from heme-related compounds that also have the potential to produce ROS (15).
Conclusions and future perspectives
S1PC, a sulfur amino acid present in AGE, has the unique property of downregulating BACH1 in a NO-dependent manner and enhancing the expression of antioxidant genes reciprocally regulated by NRF2 and BACH1 (Fig. 1) . Therefore, the interaction of S1PC and BACH1 could provide insight into the mechanisms through which AGE exerts its antioxidant effects in vivo.
